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localization in Drosophila (Resnick et al., personal com-
munication). Determining how kinase and phosphatase
activity function with the proper substrate specificity
and timing, and how closely arranged the kinases and
phosphatase are on the centromere, will be crucial
questions in elucidating the rules of engagement in
the turf war for these kinases and phosphatases over
cohesion at the centromere.
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547A Close-up of the ESCRTs
The ESCRT protein complexes assemble on the endo-
some into a protein network that sorts ubiquitinated
transmembrane proteins into lumenal vesicles of the
compartment. New structural information highlights
the complexity of the ESCRT network.
In eukaryotic cells, cell surface protein degradation is
primarily regulated by the multivesicular body (MVB)
pathway. Endocytosed transmembrane proteins marked
by monoubiquitination are delivered to MVB compart-
ments and sorted into lumenal vesicles. These cargo-
containing vesicles are delivered to the lumen of the
lysosome and are ultimately degraded (reviewed by
Katzmann et al., 2002). MVBs are essential for regulating
cell surface protein composition and maintaining lyso-
somal function. As a consequence, numerous cellular
functions, such as nutrient uptake, cell communication,
and immune response are dependent on MVBs. Retrovi-
ruses including HIV coopt the MVB machinery during viral
infection for the formation of viral particles at the plasma
membrane via a membrane budding event similar to
the formation of MVB vesicles (reviewed by Morita and
Sundquist, 2004). Therefore, the MVB sorting machinery
has been targeted for potential development of new
drugs for combating HIV infection.
The core of the MVB machinery is composed of three
protein complexes, ESCRT-I, ESCRT-II, and ESCRT-III.
These multisubunit protein complexes are recruited
from the cytoplasm to the endosomal membrane wherethey form a network that interacts with lipids and ubiqui-
tinated cargo to guide protein sorting and MVB vesicle
formation (reviewed by Babst, 2005). A current model
for ESCRT function suggests that ESCRT-I is recruited
to the endosome by interacting with the Vps27-Hse1
complex and functions in the sorting of monoubiquiti-
nated cargo proteins. ESCRT-I interacts with ESCRT-II,
resulting in the formation of ESCRT-III. Once assembled
on the endosomal membrane, the ESCRT-III complex
concentrates the MVB cargo and sorts the cargo into
the forming vesicles. The structure of the ESCRT net-
work and the dynamics of the formation and dissociation
of the network are not known. Two articles in the April 7
issue of Cell (Kostelansky et al., 2006; Teo et al., 2006)
give further insight into the interactions occurring within
the MVB machinery by providing the three-dimensional
structures of the ESCRT-I core and the GLUE domain
of ESCRT-II.
ESCRT-I has an apparent molecular weight of 350
kDa (determined by gel filtration) and is composed of
three subunits, Vps23, Vps28, and Vps37 (Katzmann
et al., 2001). Based on its large molecular weight and
biochemical data, it has been proposed that ESCRT-I
contains numerous copies of the subunits. Surprisingly,
the crystal structure studies now suggest that ESCRT-I
is a trimeric complex with a 1:1:1 stoichiometry. Further-
more, the structural analysis indicates that the ESCRT-I
protein complex is formed by a central rigid core that
connects to three domains via flexible linkers (Figure 1).
Each subunit contributes equally to the core, and each
subunit contains one of the flexible attached domains.
The flexible linker regions seem to allow a large degree
of movement of the three domains relative to the core,
which in part might explain the large apparent molecular
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548weight observed by gel filtration analysis. Because of
the flexibility of the linker regions, only the structure of
the core was resolved by crystal structure analysis
(Kostelansky et al., 2006; Teo et al., 2006). Therefore,
the presented data do not exclude the possibility that
the 350 kDa ESCRT-I complex contains one or more ad-
ditional subunits that are missing in the recombinant
complex. The core contains one-third of the ESCRT-I
mass and is formed by three pairs of helical hairpins
(w60 amino acids long), each provided by one of the
three subunits. Although no homology between the
amino acid sequences can be detected, the three hair-
pin structures are strikingly similar, suggesting that the
three subunits might have common ancestry. The core
seems to function only as a structural element, while
all known interactions of ESCRT-I with other proteins
are provided by the flexible attached domains (Figure 1).
Previous studies have shown that the N-terminal do-
main of Vps23, called the UEV domain, is responsible
for binding to both monoubiquitinated cargo as well as
the Vps27/Hse1 complex (reviewed by Hurley and Emr,
2006). The two new studies now demonstrate that the
C-terminal domain of Vps28 binds to the N-terminal do-
main (GLUE domain, amino acids 1–289) of the ESCRT-II
subunit Vps36. This interaction is strong enough to
mediate the assembly of recombinant ESCRT-I and
ESCRT-II into a large ‘‘super-complex’’ in vitro (Teo
et al., 2006). However, studies using yeast cell extracts
indicate that this interaction does not occur in the cyto-
plasm (Babst et al., 2002). This suggests an unknown
regulatory mechanism that limits this interaction to the
endosome-associated pool of ESCRT-I and ESCRT-II
where the ‘‘super-complex’’ functions as part of the
ESCRT network. The Vps36 GLUE domain is one of the
busiest domains of the MVB machinery (Figure 1). This
domain not only binds to ESCRT-I but has been shown
Figure 1. Schematic of the Structural Organization of ESCRT-I and
ESCRT-II
Both ESCRT complexes are composed of a rigid core that is con-
nected to flexible attached domains (UEV, N-term, C-term, GLUE).
These domains are responsible for most of the intramolecular inter-
actions of the ESCRT complexes. Interacting molecules include
ubiquitinated cargo (Ub), the lipid phosphatidylinositol 3-phosphate
(P), and protein complexes (Vps27-Hse1 complex, ESCRTs). No
interaction has yet been identified for the N-terminal domain of
Vps37 (?).by earlier studies to bind to ubiquitin (Alam et al., 2004;
Slagsvold et al., 2005). In addition, the structural analy-
sis of Teo et al. (2006) determined that the yeast GLUE
domain contains a PH domain fold that is able to bind
to phosphatidylinositol 3-phosphate, an endosomal
lipid that serves as a landmark for proper localization
of many endosomal proteins (e.g., Vps27, which local-
izes ESCRT-I). The GLUE domain is necessary and suf-
ficient to localize ESCRT-II to the MVB, which is consis-
tent with earlier studies demonstrating that ESCRT-II
localization to the endosome is independent of other
ESCRT complexes. The three different interactions
mediated by the GLUE domain do not compete with
each other and thus can occur simultaneously (Teo
et al., 2006).
Although the two studies discussed here were per-
formed on yeast ESCRT complexes, the conservation
on the sequence and functional level suggests that the
data obtained by these studies are likely to be relevant
for all ESCRT machineries, including human ESCRTs.
The studies revealed that ESCRT-I, similar to ESCRT-
II, is organized as a ‘‘hub-and-spokes’’ structure, a rigid
core connected via flexible linkers to additional do-
mains that interact with cargo and machinery. This ar-
rangement should allow for a high degree of flexibility
during the formation of the ESCRT network, which
might be necessary to adjust to the various structures
of ubiquitinated cargoes. This flexibility, however, will
make it very difficult to model how the network is
formed based on structural analysis of the individual
ESCRT complexes. Data from additional high-resolution
structural techniques (e.g., electron microscopy and
atomic force microscopy) will be necessary to deter-
mine the arrangement of different complexes within
the membrane-associated ESCRT machinery.
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